
Chapter 4 

SARS non-structural protein 12 

 

173 

 

Chapter 4  

SARS non-structural protein 12 and ESPRIT 

 

In this chapter the experimental procedure for a directed evolution technique known as 

Expression of Soluble Protein by Random Incremental Truncation (ESPRIT) is described.  

The applicability of the ESPRIT method was tested on a biomedically important coronavirus 

target for which knowledge-based construct design approaches have given no useful 

expression conditions: the RNA-dependent RNA polymerase (NSP-12) from SARS 

coronavirus (SARS-CoV).  The aim of the experiment was to ‗trap‘ domains of the SARS-

CoV NSP-12 protein that express solubly in E. coli and are thereby suitable for crystallisation 

and structure determination by X-ray crystallography.  Part of this work was carried out at the 

European Molecular Biology Laboratory (EMBL) in Grenoble using the equipment and 

protocols of Darren Hart‘s group. 

 

4.1. Generation of the ESPRIT libraries 

4.1.1. Vector preparation 

A codon-optimised SARS-CoV NSP-12 gene (2.796 kb, obtained from GeneART, 

Regensburg/Germany) was PCR-amplified with primers containing appropriate restriction 

sites (upstream AscI; downstream NotI). The resultant PCR product and the screening vector 

pHAR-1119 were cut with restriction enzymes AscI and NotI (New England Biolabs) and 

ligated. The assembled vector was grown and purified from E. coli and verified by 

sequencing. At each end of the inserted NSP-12 gene, there are two main restriction sites: on 

the vector side, sites NsiI or AatII, that leave a 3' overhang that is ExoIII resistant; on the 
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target end side, sites NotI or AscI that leave a 5' overhang that is an ExoIII substrate (Fig. 

4.1).  In addition, cutting the vector with AatII and AscI (so as to digest the NSP-12 gene 

from the 5'-end with ExoIII) removes a stop codon between NSP-12 and a His6-tag sequence 

provided by the vector.  Upon religation 1 in 3 clones will be in frame with this tag.  

Similarly, cutting the vector with NotI and NsiI (so as to digest the NSP-12 gene from the 3'-

end with ExoIII) removes a stop codon between NSP-12 and a biotin acceptor peptide (BAP 

tag, see Chapter 1, section 1.2.1 and Fig. 1.15) sequence provided by the vector. Again, 1 in 3 

clones will be in frame with the BAP tag upon religation.  Therefore, in a bi-directionally 

truncated library only 1 in 9 clones will be in frame with both tags after religation.   

 

 

 
 

Figure 4.1.  Restriction enzyme sites of NSP-12 gene inserted in pHAR1119 vector. 
 

The pHAR1119 vector provides an upstream T7 promoter sequence (yellow) and His6-TEV 

tag (orange, cleavable with TEV protease) and a downstream biotin acceptor peptide (BAP) 

sequence (blue).  The vector also provides restriction sites AatII and AscI after the His6-TEV 

tag, and NotI and NsiI before the BAP tag.  Between these sites are stop codon sequences 

(red) that are removed upon digestion with pairs of restriction enzymes. * indicates a 

restriction site that will leave a 5' overhang that is sensitive to exonuclease III (ExoIII, pink).  

ExoIII-sensitive sites ensure digestion into the NSP-12 gene rather than into the vector when 

cleaving with AatII/AscI to digest from the 5'-end and NotI/NsiI to digest from 3'-end. 
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4.1.2. Bi-directional library generation 

To create a bi-directionally truncated library, the gene was first truncated from its 5'-end.  

10μg of vector DNA was extracted and purified by phenol-chloroform extraction (Sambrook 

et al., 1989).  The vector was sequentially digested using AatII and AscI restriction enzymes 

(New England Biolabs), and the DNA concentration measured.  4μg of doubly-cut vector (in 

a volume of 120 μL) was then digested with ExoIII (New England Biolabs) for 1 h at 22°C.  

During the course of the reaction, samples were removed at regular intervals (1μL/min) and 

quenched in 3M NaCl at 4°C. The sample was further digested with Mung Bean Nuclease 

(New England Biolabs), polished with Pfu polymerase (New England Biolabs) and run on a 

0.5% agarose gel. The smear on the gel spanning from vector plus full-length insert (7.357 

kb) to vector minus full-length insert (4.561 kb) was excised from the gel, purified using the 

QIAEX II kit (QIAGEN), and ligated using the Rapid DNA ligation kit (Roche Diagnostics) 

following the manufacturer‘s instructions for both kits.   

 

This 5'-truncated library was then subjected to a second round of truncation, this time from 

the 3'-end of the NSP-12 gene.  To do this 10μg of the isolated vector DNA library was 

sequentially digested with NsiI and NotI restriction enzymes (New England Biolabs), rather 

than with AatII and AscI restriction enzymes (New England Biolabs) used to generate the 5'-

truncations.  Digestion with NsiI and NotI opens the vector at the 3'-end of the gene where it 

can then be truncated from the NotI site by ExoIII.  The protocol is essentially the same as for 

the 5'-truncation however when excising DNA from the 0.5% agarose gel the vector 

fragments were cut into two sub-libraries (Fig. 4.2): 4.561 kb – 5.5 kb fragments (0–1 kb 

gene truncations) and 5.5 kb – 7.357 kb fragments (1–2.796 kb gene truncations).  By size-

fractionating it is possible to scan the NSP-12 gene for specific domain sizes of interest.  
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Figure 4.2.  Size-fractionation of ESPRIT library.   
 

0.5% agarose gel of the resulting bi-directional library from ExoIII digestion. The library was 

loaded across four lanes (1-4) and a smear of DNA of different size ranges can be seen. Mk is 

the Hyperladder I (Bioline) DNA ladder and white boxes indicate where sub-libraries 1 and 2 

were cut out of the gel. The agarose gel was made in 1x TAE buffer and supplemented with a 

1 in 10,000 dilution of 10,000X SYBR Safe DNA gel stain (Invitrogen) which allowed 

visualisation of the bands with a blue light transilluminator.   
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The DNA in each sub-library was purified using the QIAEX II kit (QIAGEN) and ligated 

using the Rapid DNA ligation kit (Roche Diagnostics) as described previously.  The ligation 

mixture was then transformed into OMNImaxII cells (Invitrogen) by heat-shock at 42
o
C for 

30 s, then returned to ice for 2 min before recovering in 1 mL Super Optimal Broth (SOC) 

medium for 1 h at 37
o
C (no antibiotic selection).  10 and 100 L aliquots were then plated out 

on Petri dishes containing LB-Agar supplemented with kanamycin (50 g/mL).  These plates 

were incubated overnight at 37°C and the remaining SOC cell mix was placed at 4
o
C. 

 

To test the success of the library generation, 24 colonies from each sub-library were picked 

and single colony-PCR was carried out using T7 forward and T7 reverse primers which bind 

to regions of the screening vector flanking the NSP-12 gene (Fig. 4.3, A and B).  The same 

24 colonies were also sequenced (GATC-Biotech) to assess the coverage of constructs across 

the length of the NSP-12 gene (Fig. 4.3, C).  The colony forming units per millilitre 

(CFU/mL)
 
was calculated from the plates so as to determine the volume of SOC cell mix 

(stored at 4
o
C) to plate out on much larger LB-Agar Qtrays (Genetix) supplemented with 

kanamycin (50 g/mL) to yield greater than 30,000 colonies.  These colonies were then 

harvested and the vector DNA isolated using the Midiprep kit (QIAGEN) following the 

manufacturer‘s instructions.   

 

Figure 4.3. (overleaf).  Quality testing by colony PCR and sequencing.  
 

A. Colony PCR for sub-library 1. The 24 colonies screened show an acceptable size range 

from ~200 bp to ~1 kb on the 1.5% agarose gel. B. Colony PCR for sub-library 2. The 24 

colonies screened show an acceptable size range from ~1 kb to ~3 kb (full length) on the 1% 

agarose gel. Hyperladder I (Bioline) was used as a marker (Mk) to assess the size range. For 

A and B, the agarose gels were made in 1x TAE buffer and supplemented with a 1 in 10,000 

dilution of 10,000X SYBR Safe DNA gel stain (Invitrogen) which allowed visualisation of 

the DNA bands with a blue light transilluminator. C.  Sequencing results. The same 24 clones 

from colony PCR for each sub-library were sequenced (GATC-Biotech) to assess the size 

distribution and spread across the gene. The distribution is shown along the length of the 

932 SARS NSP-12 protein: sub-library 1 (green); sub-library 2 (blue). 
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Figure 4.3. 
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4.2. Library screening – EMBL (Darren Hart Laboratory) 

Using the quality-tested library, E. coli BL21 RIL (DE3) cells were transformed and plated 

out on large LB-Agar Qtrays (Genetix) supplemented with 50 μg/mL kanamycin.  Individual 

colonies were picked into LB-medium in 72 384-well plates, using a picker-gridder robot 

(KBiosystems); in total, 27,648 colonies were picked for sub-library 2 (1 kb to full-length 

NSP-12 gene fragments) and grown overnight at 37°C in a HiGro high-throughput plate 

incubator (GeneMachines, Inc.).  Too few colonies were obtained from sub-library 1 (smaller 

NSP-12 gene truncations) and further work on this sub-library was discontinued at this stage.  

Glycerol stocks of the overnight cultures of colonies from sub-library 2 were prepared by 

replica-plating and frozen at -80°C.     

 

The picked colonies were gridded into a colony array on a nitrocellulose filter membrane 

(Amersham Biosciences) on LB-Agar supplemented with 50 μg/mL kanamycin and 50 mM 

biotin, and incubated at 37°C overnight.  For induction, the filter membrane was transferred 

to an LB-Agar plate supplemented with 50 μg/mL kanamycin, 50 mM biotin and 1 mM IPTG 

and incubated for 4-6 h at 25
o
C.  The colony array was then lysed on the filter membrane 

using published protocols (Bussow et al., 1998) and finally washed with PBS supplemented 

with 0.05% Tween-20 (PBS-T) prior to blocking overnight at 4
o
C with Superblock blocking 

buffer in PBS-T (Thermo Scientific). The nitrocellulose membrane was then hybridised with 

two fluorescent conjugates; all antibodies were made up in 10-fold diluted Superblock buffer.  

His-tagged protein was detected using mouse anti-hexahistidine (anti-His6) antibody as the 

primary antibody and goat anti-mouse antibody conjugated to a fluorescent dye (Alexa Fluor 

594; Molecular Probes, Cat. No. A-11032) as the secondary.  Biotinylated protein was 

detected using streptavidin conjugated to a different fluorescent dye (Alexa Fluor 488; 

Molecular Probes, Cat. No. A-32361). Two fluorescent scans on the same membrane were 
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taken and were digitally recorded using a Typhoon fluorescent imager (Amersham 

Biosciences).  Alexa-Fluor 594 was excited with green lasers (532 nm) and emission 

visualised with 610 BP 30 filters that transmit light between 596-625 nm (Alexa-Fluor 594 

emission max. = 617 nm; red); Alexa-Fluor 488 was excited with blue laser (488 nm) and 

emission visualised with 526 SP filters that transmit light below 526 nm (Alexa-Fluor 488 

emission max. = 519 nm; green).  An example result is shown in Fig. 4.4. 

  



Chapter 4 

SARS non-structural protein 12 

 

181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.4. Two superimposed fluorescence scans 

of SARS NSP-12 colony array.  In colonies that 

contain a truncation giving rise to a soluble NSP-12 

protein fragment, the solubility reporter will be 

biotinylated; these colonies bind fluorescently labelled 

streptavidin which is measured in the fluorescent 

scanning experiment exciting Alexa-Fluor 488 (green 

spots).  Those that have a His6-tag will bind the anti-

His6 antibody. A secondary antibody conjugated to a 

second fluorophore binds to the anti-His6 antibody and 

His-tagged proteins can be identified by a second scan 

of the membrane exciting Alexa-Fluor 594 (red spots).  

When both of the scans are superimposed colonies 

containing gene truncations that give rise to a soluble 

biotinylated protein that can be affinity purified by 

the presence of a His6-tag show up in yellow.   



Chapter 4 

SARS non-structural protein 12 

 

182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.  Identification of clones from gridded array. 
 

Each of the 6 arrays represents 12 out of the 72 (384-well) plates.  In each array, each small 

square represents gridding from the same well of 12 different 384-well plates.  The plate 

pattern in the small squares is different for each of the 6 arrays.  A close-up of one of the 

patterns in the small squares (plates 1-12) of the first array is shown.  Each clone has been 

gridded in duplicate to avoid false positives during fluorescence analysis.  In the close-up, a 

clone from plate 10 has a strong positive signal.  To determine which well of the 384-well 

plate gave rise to this clone, each array has been gridded so that it has the same number-letter 

system as the 384-well plate itself (A-P on the horizontal axis, 1-24 on the vertical axis) – 

each square represents 1 of the 384 wells.  In this case, plate 10 well C5 gave rise to the 

fluorescent clone.   
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4.3. Analysis of the colony array 

Signal quantification and image analysis were carried out using standard microarray software 

(Visual Grid, GPC-Biotech).  The 27,648 clones were first ranked according to the 

fluorescence intensity of the His6-tag signal and the numerical data exported to Excel 

(Microsoft).  A threshold intensity was determined and used to identify positive hits over 

background signal.  Clones below threshold intensity were considered not to have a His6-tag 

and were thus removed from the dataset.  The remaining clones were then ranked according 

to the fluorescence intensity of the streptavidin signal.  A background level of biotinylation 

was seen in all colonies, so only colonies with a signal above background intensity were 

considered significant.  The top (most intensely fluorescent) 95 clones were identified as 

described in Fig. 4.5 and were recovered from glycerol stock plates and analysed by DNA 

sequencing (using T7 forward and T7 reverse primers), see Fig. 4.6.   

 

The 95 hits ranged from 192 to 1788 bases, with the average being 731 bases (significantly 

smaller than the 1 – 2.796 kb expected).  Many of these gene truncations cluster in certain 

regions along the length of NSP-12 varying by only a few amino acids.  This clustering may 

indicate putative domain boundaries in NSP-12.  Unfortunately, the clustering does not seem 

to support any of the models for NSP-12 proposed thus far (see Chapter 1, section 1.3.2 and 

Fig. 1.17).  Hot-spots where many truncations start or end are highlighted in Fig. 4.6.  Given 

the significant clustering around residues 433 and 841 spanning the putative RdRp domain, a 

synthetic construct (Syn) was designed to span this region and was scaled-up in parallel with 

other chosen gene truncations (see Table 4.2.).   Interestingly, none of the top 95 hits 

contained the first 20 residues at the N-terminus suggesting that truncations containing this 

region do not give rise to well-expressed correctly folded soluble protein in E. coli. 
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Figure 4.6. Sequencing and location of the top 95 hits along the length NSP-12 (932).  
 

Conserved motifs A-G (light green and extended with dotted lines) found in the RdRp 

sequence are described in (Bruenn, 2003) and their identification in the SARS RdRp 

sequence is shown in Xu et al., (2003).  Putative functional regions are indicated along the 

length of NSP-12 as described in Chapter 1, section 1.3.2 and Fig. 1.17. RCAS = replicative 

complex assembly sequence (Brockway et al., 2003); * = hot spots, where many constructs 

start or end; 10 truncations align to start or end point of RdRp motifs (orange); 4 truncations 

span all RdRp motifs (magenta). 12 truncations were chosen for large scale 

expression/purification (see text) and are coloured as follows: most significant small scale 

expression results from Oxford and EMBL (blue); one of many constructs clustering in a 

particular region, but only see insoluble expression (red); covers part of putative RdRp 

domain, but only see insoluble expression (dark green); signs of solubility and covers most of 

putative RdRp domain (purple). Image generated using Vector NTI Invitrogen. 

 

 

 

 

 

  



Chapter 4 

SARS non-structural protein 12 

 

185 

 

4.4. Small Scale Expression of ESPRIT constructs 

The ESPRIT experiment indirectly identifies constructs that give rise to soluble protein 

expression using a biotin acceptor peptide (BAP tag) as a signal for solubility attached at the 

C-terminus (see Chapter 1, Fig. 1.15).  To determine whether these constructs do express 

solubly in E. coli the following expression protocols were carried out.  Note that protocols are 

different for work carried out at the EMBL in Grenoble (France) to those at the Oxford 

Protein Production Facility (OPPF) in Oxford (UK). 

 

4.4.1. EMBL – Small Scale Expression 

The top 95 gene truncations in E. coli BL21 RIL (DE3) cells were initially screened for 

expression at the EMBL.  40 L of starter culture (grown overnight in 1 mL LB) for each of 

the 95 truncations and a positive control (see section 4.4.2.), was transferred to a well of four 

24-well blocks containing 4 mL of Terrific Broth (TB) supplemented with the 50 μg/mL 

kanamycin.  The 24-well blocks were placed in a HiGro Incubator (Gene Machines) at 37
o
C 

until an OD600 of 0.6 was reached.  Cells were then induced with 0.5 mM IPTG and grown 

for a further 16 hours at 25
o
C.  Cell pellets were harvested by centrifugation at 6000 x g and 

resuspended in 4 mL of 10 mM Tris pH 8.0, 300 mM NaCl, 20% sucrose and 1 mg/mL 

lysozyme.  After a 30 min incubation at 4
o
C, spheroblasts were isolated in the blocks by 

centrifugation at 6000 x g and were placed at -80
o
C for 20 min for one cycle of freeze-thaw 

to burst open the cells.  Cells were then resuspended in 800 L lysis buffer [10 mM Tris pH 

7.5, 0.5% Brij, 3 units/mL Benzonase (Merck; purity grade I, ≥ 25 U/µL)] supplemented with 

two EDTA-free protease inhibitor cocktail caplets (Roche).  The lysate was transferred to a 

96 well qiafilter plate (QIAGEN) containing 60 L of Ni-NTA resin (QIAGEN) per well and 

incubated at 4
o
C for 30 min.  Purification was carried out on a robotic platform (Tecan), 
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washing twice with wash buffer (10 mM Tris pH 7.5, 500 mM NaCl, 20 mM Imidazole) 

before eluting in 80 L of elution buffer (10 mM Tris pH 7.5, 500 mM NaCl, 500 mM 

Imidazole).   

 

4.4.2. SDS-PAGE and Western Blot 

The SDS-PAGE gels and Western blots of the soluble fractions from the top 95 hits from the 

EMBL screen are shown in Fig 4.7.  The positive control included at position 96 was 

mannose binding protein (MBP) with an N-terminal His6 tag and C-terminal BAP tag 

provided by Darren Hart.  SDS-PAGE was carried out as described in Chapter 2, section 

2.1.4.  Transfer of proteins from the SDS-PAGE gels onto nitrocellulose membranes for 

Western blotting experiments was carried out using the iBlot Dry Blotting System 

(Invitrogen) following the manufacturer‘s instructions.  The nitrocellulose membrane was 

then blocked overnight in 30 mL blocking buffer (PBS-T with 5% casein milk powder) at 

4
o
C, washed twice with 30 mL PBS-T for 5 min and finally washed again with 30 mL PBS 

without Tween-20 for a further 5 min.  The membrane was then incubated for 1 h with the 

primary antibody (mouse anti-His6 antibody, R&D systems) diluted 1:500 in 25 mL blocking 

buffer.  The membrane was then washed with PBS-T and PBS as described previously before 

incubating with anti-mouse secondary antibody conjugated to horse radish peroxidise (HRP) 

enzyme (Sigma) diluted 1:5000 in 25 mL blocking buffer.  The washing cycle was repeated 

again before visualising proteins by incubating with ECL-plus detection reagents 

(Amersham) following the manufacturer‘s instructions.  Exposure was carried out in a dark 

room placing ECL hyperfilm (Amersham) over the membrane for approximately 15 s before 

developing. 
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Figure 4.7.  EMBL – SDS-PAGE and Western blot of top 95 hits.  
 

SDS-PAGE gels and Western blots for the EMBL small scale expression screen. Protein 

bands of interest are indicated by arrows coloured as follows: correct molecular mass from 

sequencing (blue); incorrect molecular mass from sequencing (red); similar molecular mass 

or insufficient sequencing data (light green); lane 96 positive control, His6-MBP-BAPtag 

(purple box; there is some overflow into lane 95). Protein ladders Mk
H
 and Mk

L 
are high and 

low range SigmaMarkers (Sigma) respectively; Mk
Rbow

 is ECL-Plex fluorescent rainbow 

marker (Amersham) used to visualise efficient transfer of proteins from gel to membrane; 

Mk
His

 is His-tagged BenchMark Protein Ladder (Invitrogen). The 96 samples were split into 

four sets: (A) Samples 1-24; (B) Samples 25-48; (C) Samples 49-72; (D) Samples 73-96. For 

(A)-(D) the SDS-PAGE gel of purified fractions is shown with the Western blot beneath it.  

Lanes are numbered and bold represents a result of interest. 
 

 

 

 

  

A 



Chapter 4 

SARS non-structural protein 12 

 

188 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

B 

C 



Chapter 4 

SARS non-structural protein 12 

 

189 

 

 
 
 
 
 
 
 
 
 
 
 

  

D 



Chapter 4 

SARS non-structural protein 12 

 

190 

 

4.4.3. Oxford – Small Scale Expression  

The top 95 constructs in E. coli BL21 RIL (DE3) cells were re-screened in Oxford following 

protocols reported in (Berrow et al., 2007; Berrow et al., 2006).  In brief, 4 mL cultures in 

GS96 (QBioGene) or Power broth (Molecular dimensions) were grown at 37
o
C, until an 

OD600 of 0.6 was reached.  The temperature was then reduced to 20
o
C, IPTG added to a final 

concentration of 0.5 mM and the cultures grown for a further 18 h.  A 1.5 mL aliquot of 

culture from each well was transferred into a 96-well deep-well block and harvested by 

centrifugation.  Cell pellets were frozen at -80
o
C for a minimum of 1 h before screening for 

soluble expression on a robotic platform (BR8000) using standard QIAGEN Ni-NTA 

magnetic bead protocols.  In this protocol, lysis is carried out by lysozyme and the soluble 

fraction separated from the insoluble fraction by centrifugation.  Soluble fractions were 

analyzed by SDS-PAGE (described in Chapter 2, section 2.1.4.) and Western blot following 

the Invitrogen iBlot protocol described in section 4.4.2. (see Fig. 4.8; results are summarised 

in Table 4.1).  Insoluble pellets were resuspended in solubilising solution (50 mM Tris pH 

8.5, 300 mM NaCl, 8 M Urea, 30 mM Imidazole, 0.5% Triton-X and 1 mM TCEP).  After 

centrifugation, solubilised protein containing a His6-tag was isolated using Ni-Sepharose 

resin (GE Healthcare) and eluted with solubilising solution containing 300 mM Imidazole 

following the QIAGEN qiafilter plate protocol on a vacuum manifold.  Insoluble (solubilised) 

fractions were also analyzed on SDS-PAGE gels (Fig. 4.9 and summarised in Table 4.1). 
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Figure 4.8.  Oxford – SDS-PAGE and Western blot of top 95 hits.  
 

SDS-PAGE gels and Western blots for the Oxford small scale expression screen. Protein 

bands of interest are indicated by arrows coloured as follows: correct molecular mass from 

sequencing (blue); incorrect molecular mass from sequencing (red); similar molecular mass 

or insufficient sequencing data (light green). Protein ladders Mk
H
 and Mk

L 
are high and low 

range SigmaMarkers (Sigma) respectively; Mk
Rbow

 is ECL-Plex fluorescent rainbow marker 

(Amersham) used to visualise efficient protein transfer from gel to membrane; Mk
His

 is His-

tagged BenchMark Protein Ladder (Invitrogen). The 96 samples were split into four sets: (A) 

Samples 1-24; (B) Samples 25-48; (C) Samples 49-72; (D) Samples 73-96. For (A)-(D) the 

resulting SDS-PAGE gel is at the top and Western blot result at the bottom.  Lanes are 

numbered and bold represents a result of interest. No positive control was present in position 

96 (empty lane). 
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Figure 4.9.  Oxford – Denaturing purification of top 95 constructs.   
 

The 96 samples were split into four sets for SDS-PAGE analysis: (A) Samples 1-24; (B) 

Samples 25-48; (C) Samples 49-72; (D) Samples 73-96.  Protein bands of interest are 

indicated by arrows coloured as follows: correct molecular mass from sequencing (blue); 

incorrect molecular mass from sequencing (red); similar molecular mass or insufficient 

sequencing data (light green).  Protein markers were Mk
H
 and Mk

L
 for high and low range 

SigmaMarkers (Sigma) respectively.  Lanes are numbered and bold represents a result of 

interest. A positive control was not included at position 96 (empty).   
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4.4.4. Small Scale Expression – Rescue Strategies 

Unexpectedly, some of the results from the EMBL small scale purification do not agree with 

the screen repeated in Oxford (e.g. gene truncations #6 and #7 express solubly in the EMBL 

screen, but are only seen insolubly in the Oxford screen).  Also, truncations that form clusters 

along the length of the NSP-12 from the sequencing data (e.g. #49, see Fig. 4.6), do not show 

any signs of soluble expression in either screen.  From the denaturing purification many of 

these clustered gene truncations are represented by a low molecular mass band around 6.5 

kDa on the SDS-PAGE gel (Fig. 4.9), suggesting that they are degraded upon expression. 

 

In an attempt to identify whether changes in the small scale expression protocol would yield 

more soluble hits from the best 95, the following expression conditions were varied (data not 

shown): 

 

 Media  

- Auto-induction with TB Overnight Express (Novagen) 

- IPTG-induction with GS96 (QBioGene) or with Power broth (Molecular 

dimension) 

 Expression temperature: 15
o
C, 25

o
C and 37

o
C 

 IPTG concentration: 0.5 mM, 1 mM or 2 mM 

 Time given for expression before harvesting: 3 h, 6 h or 18 h post-induction 

 

No new soluble hits were identified by these experiments.  The most favoured condition was 

in fact the original Oxford condition (0.5 mM IPTG, Power broth and 18 h at 25
o
C).  A 

summary table of the small scale expression results and details of all 95 clones is shown in 

Table 4.1.   
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Gene 

truncation   

Start 

 

End  

 

Start 

sequence 

End 

sequence 

SDS-

PAGE 

soluble 

Western 

blot  

soluble 

SDS-

PAGE 

insoluble 

1 382 745 AASGN FVDEF -  -  +++ 
Ox

 

2 573 682 QKLLK GGTSS -  -  +++ 
Ox

 

3 335 514 VDGVP GKARL -  + 
EMBL 

 + 
Ox 

 

4 335 514 VDGVP GKARL -  + 
EMBL 

 + 
Ox 

 

5 433 584 SSVEL AATRG -  ++  + 
Ox 

 

6 696 932 ICQAV HTVLQ ++ 
EMBL 

 +++  +++ 
Ox

 

7 696 932 ICQAV HTVLQ ++ 
EMBL 

 ++  +++ 
Ox

 

8 628 932 NMLRI HTVLQ -  -  - 

9 341 515 VVSTG KARLY -  -  +++ 
Ox

 

10 767 932 NSNYA HTVLQ -  -  + 
Ox 

 

11 341 515 VVSTG KARLY -  -  +++ 
Ox

 

12 - - Vector Only -  -  - 

13 335 514 VDGVP GKARL -  -  + 
Ox 

 

14 280 615 LCLFD TPHLM -  -  ++ 
Ox

 

15 573 682 QKLLK GGTSS -  -  - 

16 678 901 GGTSS GHMLD ++ 
EMBL 

 +++  +++ 
Ox

 

17 648 932 LSHRR HTVLQ -  +  - 

18 349 520 RELGV DSSMS -  +  +++ 
Ox

 

19 627 881 PNMLR YADVF -  -  - 

20 653 842 YRLAN LGAGC ++  +++  +++ 
Ox

 

21 678 932 GGTSS HTLVQ ++ 
EMBL 

 +++  +++ 
Ox

 

22 335 514 VDGVP GKARL + 
EMBL 

 + 
EMBL 

 + 
Ox 

 

23 335 514 VDGVP GKARL -  -  + 
Ox 

 

24 627 881 PNMLR YADVF -  -  - 

25 433 692 SSVEL AYANS -  -  +++ 
Ox

 

26 641 792 KHNTC YQNNV -  ++  +++ 
Ox

 

27 752 932 HFSMM HTVLQ -  -  + 
Ox 

 

28 628 932 NMLRI HTLVQ -  -  - 

29 341 515 VVSTG KARLY -  -  +++ 
Ox

 

30 335 514 VDGVP GKARL -  -  + 
Ox 

 

31 247 529 LTRAL DALFA ++ 
Ox 

 +++  +++ 
Ox

 

32 734 932 NRDVD HTVLQ + 
EMBL 

 ++  +++ 
Ox

 

33 627 932 PNMLR HTLVQ -  -  - 

34 341 515 VVSTG KARLY -  -  + 
Ox 

 

35 473 841 VEVVD ILGAG - + + 
Ox 

 

36 627 881 PNMLR YADVF -  -  - 

37 - - Vector Only -  -  - 

38 646 932 CNLSH HTLVQ -  +  - 

39 617 680 WDYPK KPGGT -  -  - 

40 335 514 VDGVP GKARL -  +  - 

41 607 932 SDVET HTVLQ ++  ++  +++ 
Ox

 

42 627 881 PNMLR YADVF -  -  - 
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Gene 

truncation    

Start 

 

End  



Start 

sequence 

End 

sequence 

SDS-

PAGE 

soluble 

Western 

blot  

soluble 

SDS-

PAGE 

insoluble 

43 223 395 VQVAP KRTTC -  -  - 

44 627 881 PNMLR YADVF -  -  - 

45 523 682 DQDAL GGTSS -  -  + 
Ox 

 

46 627 881 PNMLR YADVF -  -  - 

47 553 812 RARTV GPHEF -  +  + 
Ox 

 

48 331 653 RKIFV SHRFY -  -  - 

49 627 881 PNMLR YADVF -  -  - 

50 589 847 IGTSK FVDDI - + 
Ox 

 +++ 
Ox

 

51 627 881 PNMLR YADVF -  -  - 

52 21 616 PCGTG PHLMG -  + 
Ox 

 - 

53 23 282 GTGTS ERLCL -  -  - 

54 52 419 NCCRF FNKDF -  +  - 

55 627 881 PNMLR YADVF -  -  - 

56 627 881 PNMLR YADVF -  -  - 

57 622 835 CDRAM YPDPS -  -  - 

58 641 793 KHNTC QNNVF -  -  - 

59 52 419 NCCRF FNKDF -  +  + 
Ox 

 

60 473 841 VEVVD ILGAG -  +  + 
Ox 

 

61 627 881 PNMLR YADVF -  -  + 
Ox 

 

62 627 881 PNMLR YADVF -  -  - 

63 562 682 ICSTM GGTSS -  -  - 

64 576 932 LKSIA HTLVQ -  +  + 
Ox 

 

65 223 462 VQVAP YNLPT - + 
Ox 

 +++ 
Ox

 

66 630 842 LRIMA LGAGC -  -  - 

67 641 792 KHNTC YQNNV ++ 
EMBL 

 +  +++ 
Ox

 

68 433 811 SSVEL KGPHE -  +  + 
Ox 

 

69 433 589 SSVEL ATVVI -  -  - 

70 335 514 VDGVP GKARL - + 
Ox 

 + 
Ox 

 

71 471 841 FVVEV ILGAG -  +  + 
Ox 

 

72 575 682 LLKSI GGTSS -  -  - 

73 627 881 PNMLR YADVF -  -  - 

74 641 792 KHNTC YQNNV - + 
Ox 

 ++ 
Ox

 

75 369 652 KELLV LSHRF - ++ 
Ox 

 - 

76 627 881 PNMLR YADVF -  -  - 

77 433 527 SSVEL DQDAL -  -  + 
Ox 

 

78 544 932 LKYAI HTLVQ -  -  + 
Ox 

 

79 627 932 PNMLR HTLVQ + + 
EMBL 

 - 

80 720 916 VRNLQ TSRYW -  +++  +++ 
Ox

 

81 369 652 KELLV LSHRF - + 
Ox 

 - 

82 21 616 PCGTG PHLMG -  -  - 

83 627 881 PNMLR YADVF -  -  - 

84 247 530 LTRAL ALFAY -  ++  ++ 
Ox

 

85 - - Vector Only -  -  - 
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Gene 

truncation  

Start 

 

End  

 

Start 

sequence 

End 

sequence 

SDS-

PAGE 

soluble 

Western 

blot  

soluble 

SDS-

PAGE 

insoluble 

86 622 835 CDRAM YPDPS ++  ++  - 

87 433 527 SSVEL DQDAL -  ++  - 

88 433 616 SSVEL PHLMG ++ 
EMBL

  ++  - 

89 432 692 GSSVE AYANS + 
Ox 

 + 
Ox 

 +++ 
Ox

 

90 414 692 NFNKD AYANS -  -  + 
Ox 

 

91 760 932 DDAVV HTLVQ -  -  - 

92 573 932 QKLLK HTLVQ + 
Ox 

 -  - 

93 52 419 NCCRF FNKDF -  +  - 

94 562 682 ICSTM GGTSS -  -  - 

95 433 777 SSVEL QGLVA + + +++ 
Ox

 

96 - - Positive Control +++ +++ n/a 

 

 
Table 4.1.  Summary Table of Small Scale Expression (EMBL and Oxford). 
 

The abbreviations and symbols in the table refer to the following: 
EMBL

 = only EMBL screen; 
Ox

 = only Oxford screen; + = low protein expression of correct molecular mass; ++ = good 

protein expression of correct molecular mass; +++ = significant protein expression of correct 

molecular mass; – = no expression at correct molecular mass.  The table is coloured in 

accordance with Fig. 4.6: most significant small scale expression results (blue); one of many 

constructs clustering in a particular region but only see insoluble expression (red); covers part 

of putative RdRp domain but only see insoluble expression (green); signs of solubility and 

covers most of putative RdRp domain (purple); span entire RdRp domain but only see 

insoluble expression (magenta); start or end at precise RdRp motif boundaries but only see 

insoluble expression (orange). The positive control (96) is His6 tag-Maltose Binding Protein-

BAP tag.  Sequencing results for truncations 12, 37 and 85 identified only vector sequence 

and no sign of NSP-12 gene (these are indicated by Vector only, in the table).  The start and 

end amino acid () number is given for each gene truncation (full length NSP-12 RdRp is 

932) alongside the first and last five amino acids of the protein sequence.    
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4.5. Small Scale Expression – Analysis 

4.5.1. Top soluble hits 

Out of the 95 hits, 10 gene truncations show signs of soluble expression at small scale and are 

listed below (they are named by the first and last five amino acids and coloured in accordance 

with Table 4.1 and Fig. 4.6): 

 

1) 696
ICQAV-HTVLQ

932
, 

678
GGTSS-GHMLD

901
 and 

678
GGTSS-HTVLQ

932
 

- Gene truncations: 6/7, 16 and 21   

- Strong soluble expression (EMBL screen) supported by strong bands in the 

Western blot 

- Weak solubility in Oxford screen (Western blot only), most in inclusion bodies 

 

2) 653
YRLAN-LGAGC

842
, 

607
SDVET-HTVLQ

932
 and 

622
CDRAM-YPDPS

835
 

- Gene truncations: 20, 41, and 86 

- Soluble expression in both EMBL and Oxford screens 

 

3) 641
KHNTC-YQNNV

792
 and 

433
SSVEL-PHLMG

616
 

- Gene truncations: 67 and 88 

- Soluble expression (EMBL screen) supported by bands in the Western blot 

 

4) 31
LTRAL-DALFA

247
  

- Gene truncation: 31 

- Soluble expression (Oxford screen) supported by strong band in the Western blot 
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4.5.2. Clusters 

Aligning the top 95 hits from the ESPRIT experiment along the length of NSP-12 revealed 

clusters of gene truncations in particular ‗hot spot‘ regions (Fig. 4.6).  In fact many of the 

clustered truncations are identical (same start and end point) and have been ‗selected for‘ 

during the ESPRIT experiment as isolated domains.  The six main clusters are listed below 

(they are named by the first and last five amino acids of the cluster and coloured where 

appropriate in accordance with Table 4.1 and Fig. 4.6): 

 

Cluster 1: 
627

PNMLR-YADVF
881

 & 
627

PNMLR-HTLVQ
932 

(~18% of constructs) 

- Gene truncations: 19, 24, 36, 42, 44, 46, 49, 51, 55, 56, 61, 62, 73, 76, 83 & 33/79   

- All 
627

PNMLR constructs have a strong insoluble band at an incorrect molecular 

mass (consistently 6.5 kDa) likely due to degradation by proteases  

 

Cluster 2: 
335

VDGVP-GKARL
514 

(~8% of constructs) 

- Gene truncations: 3, 4, 13, 22, 23, 30, 40, 70 

- Weak insoluble band at the correct molecular mass; constructs have shown some 

signs of soluble expression in Western blots 

 

Cluster 3: 
341

VVSTG-KARLY
515 

(~4% of constructs) 

- Gene truncations: 9, 11, 29, 34 

- Strong insoluble band at correct molecular mass 
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Cluster 4: 
433

SSVEL-....... (~8% of constructs) 

- Gene truncations: 5, 25, 68, 69, 77, 87, 88, 95 

- Most 
433

SSVEL constructs have a strong insoluble band at the correct molecular 

mass, although 88 does show signs of soluble expression in the EMBL screen that 

was not reproducible in Oxford 

 

Cluster 5: .......-
 
GGTSS

682  
(~6% of constructs) 

- Gene truncations: 2, 15, 45, 63, 72, 74  (also constructs 16 and 21 start at 

678
GGTSS

682
) 

- GGTSS
682

 constructs have a weak insoluble band at the correct molecular mass, 

but some show no expression at all 

 

Cluster 6: .......-
 
ILGAG

841  
(~3% of constructs) 

- Gene truncations: 35, 60 and 71 

- ILGAG
841

 constructs cover the entire putative RdRp domain, but have very low 

expression levels (weak bands in Western blot and insoluble protein screen) 

 

Disappointingly none of the gene truncations starting and ending at the same point (forming 

clusters along the length of NSP-12), give rise to significant soluble protein expression.  

However, there is some evidence for soluble expression at the 
433

SSVEL and 
678

GGTSS 

boundaries that are also pulled out in the top soluble hits identified above (e.g. truncations 

#88, #16 and #21).  Interestingly, 
678

GGTSS is the precise starting sequence of RdRp motif B 

for NSP-12 (see Fig. 4.10).  A closer analysis of the truncations also identified #10, #27, #47, 

#68, #78 and #86 that align precisely with RdRp motifs (Fig. 4.10).  This suggests that the 

ESPRIT experiment has successfully ‗trapped‘ conserved regions that are essential to 

establish the scaffold for RdRp activity.      
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Figure 4.10.  The conserved RdRp motifs A-G of NSP-12  
 

The positions of conserved RdRp motifs A-G in SARS-CoV NSP-12 have been reported by 

Bruenn, (2003) and Xu et al., (2003). Amino acids underlined and labelled represent gene 

truncations that start or end at or near putative RdRp motifs.  Blue indicates a top soluble hit 

from small scale expression and orange identifies the other gene truncations covering part of 

a putative RdRp motif region (colouring is consistent with Fig. 4.6). Dashed lines indicate the 

position of gene truncation amino acids that are outside of the RdRp motifs.    
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A summary of the expression results for the gene truncations chosen for large scale protein 

production is shown in Table 4.2.  These constructs are also highlighted on the sequencing 

results (Fig. 4.6) using the same colour co-ordination and their positions along the length of 

NSP-12 are shown in detail in Fig. 4.11.  The analysis of clustered gene truncations revealed 

that many truncations of different length start or end with residues 
433

SSVEL or ILGAG
841

 

immediately before and after the entire putative RdRp domain.  A synthetic construct (Syn) 

was therefore designed to span this region (see re-cloning into pOPINF vector, section 4.6.2.1 

and Appendix section A1.2.) and was scaled-up in parallel with the other chosen constructs. 

 

Table 4.2.  Gene truncations chosen for large scale protein production.   
 

The table summarises the small scale expression results for the 13 gene truncations: + = low 

protein expression; ++ = good protein expression; +++ = significant protein expression; — = 

no protein band at correct molecular mass; 
EMBL

 = only seen for EMBL small scale screen; 
Ox

 

= only seen for Oxford small scale screen; Syn = synthetic construct (433-841) designed from 

sequencing data (see text and Appendix section A1.2.).  

 

 

Gene 

trunc.  

Start 

 

End 

 

SDS-

PAGE 

soluble 

Western 

blot  

soluble 

SDS-PAGE 

insoluble 

Reason why truncation was chosen  

for large scale screen 

6 696 932 ++
EMBL

 +++ +++
Ox

 Soluble hit supported by Western blot 

16 678 901 ++
EMBL

 +++ +++
Ox

 Soluble hit supported by Western blot 

20 653 842 ++ +++ +++
Ox

 Soluble hit supported by Western blot 

21 678 932 ++
EMBL

 +++ +++
Ox

 Soluble hit supported by Western blot 

25 433 692 — — +++
Ox

 Insoluble, covers part of RdRp region 

31 247 529 ++
Ox

 +++ +++
Ox

 Soluble hit supported by Western blot 

34 341 515 — — +
Ox

 One of many hits clustered in this region 

41 607 932 ++ ++ +++
Ox

 Soluble hit supported by Western blot 

49 627 881 — — — One of many hits clustered in this region 

79 627 932 + ++
EMBL

 — Signs of solubility, covers RdRp region 

92 573 932 +
Ox

 — — Signs of solubility, covers RdRp region 

95 433 777 + + +++
Ox

 Signs of solubility, covers RdRp region 

Syn 433 841 n/a n/a n/a Synthetic gene in pOPINF (section 4.6.2.1) 
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Figure 4.11.  Positions of the gene truncations along the length of NSP-12 (932). 
 

Conserved RdRp motifs are lettered and indicated in green.  Gene truncations are coloured in 

accordance with Table 4.2. 
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4.6. Large Scale Protein Production 

Protein was produced following published protocols (Berrow et al., 2007; Berrow et al., 

2006).  In brief, native proteins were produced in E coli BL21 RIL (DE3) cells in 500 mL 

cultures grown and induced as described in section 4.4.3.  Cells were harvested by 

centrifugation and lysed using a Basic-Z cell disruptor (Constant systems) in 50 mM Tris pH 

7.5, 500 mM NaCl, 20 mM Imidazole, 0.02% Tween-20.  The His6-tagged protein was 

purified by Nickel affinity (1 mL HisTrap) and size-exclusion chromatography (16/60 

HiLoad Superdex 75 or 200) on an ÄKTAxpress (GE healthcare).  After loading the cleared 

lysate, the HisTrap column was washed to a UV baseline with 50 mM Tris pH 7.5, 500 mM 

NaCl, 20 mM Imidazole.  The protein was eluted with 50 mM Tris pH 7.5, 500 mM NaCl, 

500 mM Imidazole and loaded on to a pre-equilibrated (20 mM Tris pH 7.5, 200-500 mM 

NaCl) size exclusion column.  In some cases, Nickel affinity and gel filtration were followed 

by a Q ion exchange step in an attempt to remove contaminants from the protein fragment of 

interest.  Soluble fractions were analyzed by SDS-PAGE (described in Chapter 2, section 

2.1.4.) and Western blot following the Invitrogen iBlot protocol described in section 4.4.2.  

Insoluble pellets were resuspended in solubilising solution (50 mM Tris pH 8.5, 300 mM 

NaCl, 8 M Urea, 30 mM Imidazole, 0.5% Triton-X and 1 mM TCEP) and then centrifuged 

for 30 min at 5000 x g.  After centrifugation, solubilised protein containing a His6-tag was 

isolated using Ni-Sepharose resin (GE Healthcare) and eluted with solubilising solution 

containing 300 mM Imidazole following the QIAGEN qiafilter plate protocol on a vacuum 

manifold.  Insoluble (solubilised) fractions were also analyzed on SDS-PAGE gels.  Protein 

concentration was measured using a NanoDrop ND-1000 Spectrophotometer (Thermo 

Scientific).   
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4.6.1. Large Scale Expression – Results 

The results of the large scale expression screen are summarised in Table 4.3.  The results 

were somewhat disappointing with only gene truncation #6 (
696

ICQAV-HTVLQ
932

), Fig. 

4.12. A and B, showing very weak soluble expression and most ending up in inclusion bodies 

(see denaturing purification of the insoluble pellet, Fig. 4.12 C).  All other truncations 

expressed from pHAR1119 are either not expressed or end up in inclusion bodies as insoluble 

aggregate (Table 4.3).   

 

4.6.2. Large Scale – Rescue Strategies 

In order to improve soluble expression of the 12 truncations from the small scale screen 

chosen for large scale protein production, a number of rescue strategies were attempted. 

 

4.6.2.1. Re-cloning into pOPINF 

The 12 truncations were re-cloned into pOPINF [a pTriEx-2 based vector containing a 

cleavable N-terminal His6 tag with a human rhinovirus 3C protease site; see Berrow et al., 

(2007) and Appendix section A1.1, Table A1.1. and Fig. A1.1.  In addition, a synthetic 

construct (spanning residues 433-841), with start and end hot spot sequences (see section 4.3 

and Fig. 4.6.), was PCR amplified from the codon-optimised SARS NSP-12 gene and also 

cloned into pOPINF (Appendix section A1.1, Fig A1.1).  Importantly, the C-terminal BAP 

tag sequence provided by the pHAR1119 vector is lost during this re-cloning into pOPINF.   
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Table 4.3. Summary of large scale protein production results for truncations expressed 

from pHAR1119 and pOPINF.   
 

Small scale expression results are provided in the table for comparison.  Gene truncations are 

coloured as in Table 4.2 and Fig. 4.6. The most significant result is indicated by a blue box.  

The expression of protein is scored as follows: + = faint protein band; ++ = significant 

protein band; +++ = strong protein band; * = confirmed by Western blot; – = no expression; 

n/a = experiment not carried out. 

 

 

Gene 

trunc. 
Vector  E. coli strain  

Small scale 

expression  

(4 mL prep) 

Large scale 

expression  

(0.5 L prep) 

soluble insoluble soluble insoluble 

6 
pHAR1119  BL21 (RIL)  ++* +++ +* +++ 

pOPINF  Rosetta pLysS pRARE n/a  n/a  – ++ 

16 
pHAR1119  BL21 (RIL) ++ +++ – ++ 

pOPINF  Rosetta pLysS pRARE  n/a n/a – – 

20 
pHAR1119  BL21 (RIL) ++* +++ – –  

pOPINF  Rosetta pLysS pRARE n/a n/a  – –  

21 
pHAR1119  BL21 (RIL) ++* +++ – –  

pOPINF  Rosetta pLysS pRARE  n/a n/a – –  

25 
pHAR1119  BL21 (RIL) – +++ – +++ 

pOPINF  Rosetta pLysS pRARE  n/a n/a  – –  

31 
pHAR1119  BL21 (RIL) ++* +++ – +++ 

pOPINF  Rosetta pLysS pRARE  n/a n/a – – 

34 
pHAR1119  BL21 (RIL) – ++ – ++ 

pOPINF  Rosetta pLysS pRARE n/a n/a  – –  

41 
pHAR1119  BL21 (RIL) ++* +++ – –  

pOPINF  Rosetta pLysS pRARE  n/a n/a – –  

49 
pHAR1119  BL21 (RIL) – – – –  

pOPINF  Rosetta pLysS pRARE n/a n/a  – –  

79 
pHAR1119  BL21 (RIL)  ++* +++ – –  

pOPINF  Rosetta pLysS pRARE  n/a n/a  – – 

92 
pHAR1119  BL21 (RIL) + – – – 

pOPINF  Rosetta pLysS pRARE  n/a n/a  – –  

95 
pHAR1119  BL21 (RIL) + +++ – +++ 

pOPINF  Rosetta pLysS pRARE  n/a n/a – – 

Syn  
433-841 

pOPINF Rosetta pLysS pRARE n/a n/a – – 
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Figure 4.12.  Large scale Nickel affinity-gel filtration of gene truncation #6 from 

pHAR1119 in BL21 RIL (DE3) cells.   
 

(A)  Elution profile (A280) of proteins from gel filtration column.  (B)  SDS-PAGE gel of 

fractions eluted from gel filtration column, numbered in accordance with (A).  (C) SDS-

PAGE gel of denaturing purification of insoluble pellet.  Mk = low range SigmaMarker 

(Sigma); arrows indicate the position of expressed truncation #6 (molecular mass: 32.5 kDa). 
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Cloning into pOPINF was carried out following published protocols (Berrow et al., 2007) 

and used the In-Fusion enzyme ligation system (Clontech), see Appendix section A1.2. and 

Fig. A1.2.  In brief, the PCR reaction was performed in 50 µL reaction mixes using gene 

specific primers and KOD Hot Start DNA Polymerase according to the manufacturer‘s 

instructions (Novagen), with 30 pmol of each gene specific forward and reverse
 
primers, 

appended with the In-Fusion extensions as appropriate (see Appendix section A1.1 and Table 

A1.1.), and 1 µL of pHAR1119 vector containing the gene truncation of interest (100 ng/µL) 

as template per
 
reaction; for the synthetic construct the template was codon-optimised SARS 

NSP-12 gene.  PCR products were purified using AMPure magnetic beads
 
(Beckman-

Coulter) according
 
to the manufacturer's instructions and were eluted in 50 µL of

 
EB buffer 

(10 mM Tris-HCl, pH 8.0).  5 µL of purified PCR product and 1 µL of linearised pOPINF 

vector (100 ng/µL) were mixed in a well of an In-Fusion Dry-Down 96-well
 

plate 

(Invitrogen) for each reaction and incubated at 42°C for 30 min. The In-Fusion reaction was 

quenched by diluting the mixture 5-fold with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM 

EDTA).  5 µL of this quenched mixture was then used to transform OmniMaxII cells 

(Invitrogen) as described in section 4.1.2.  The 13 new pOPINF constructs were then 

sequence-verified by GATC Biotech. 

 

Large scale expression screens were carried out for the pOPINF constructs in the same way 

as detailed in section 4.6; see Table 4.3 for a summary of the results.  However, it is 

important to note that pOPINF constructs were transformed into E. coli Rosetta pLysS 

pRARE (DE3) cells (Novagen) containing additional plasmids encoding T7 lysozyme and 

rare tRNAs for arginine, leucine, and proline.  Previously, E. coli BL21 RIL (DE3) cells were 

used when expressing from pHAR1119 vectors.   E. coli BL21 RIL (DE3) cells do not 
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encode T7 lysozyme (pLysS) but have an additional plasmid encoding a different 

combination of rare tRNAs (arginine, isoleucine and leucine).  

 

Unfortunately, no soluble or insoluble expression at large scale was seen for the truncations 

expressed from pOPINF in Rosetta pLysS pRARE (DE3) cells (Table 4.3).  When expressed 

from the pHAR1119 vector at large scale 6 out of the 12 original truncations showed strong 

signs of insoluble expression.  This difference suggests that expression of truncations is 

sensitive to the choice of E. coli cell line or equally that the C-terminally biotinylated BAP 

tag provided by the pHAR1119 vector has a positive effect on expressability of these proteins 

in E. coli.    

 

4.6.2.2. Different E. coli strains 

In an attempt to increase soluble protein expression, gene truncations #6 and #31 from 

pOPINF and pHAR1119 were transformed into E. coli B834 (DE3) methionine auxotroph 

cells (Novagen) and E. coli C41 (DE3) cells (Lucigen) following the procedure described in 

section 4.1.2.  E. coli C41 (DE3) cells demonstrate a higher resistance to apoptosis when 

expressing toxic proteins (Dumon-Seignovert et al., 2004), see Fig. 4.13 for an example 

SDS-PAGE gel and Western blot for small scale expression in E. coli C41 (DE3) cells.  

Truncations #6 and #31 from pOPINF were also transformed into E. coli BL21 RIL (DE3) 

cells to determine whether loss of expression from re-cloning was due to the Rosetta pLys 

pRARE cell line. Soluble fractions were analyzed by SDS-PAGE (described in Chapter 2, 

section 2.1.4.) and Western blot following the Invitrogen iBlot protocol described in section 

4.4.2.  Insoluble (solubilised) fractions were also analyzed on SDS-PAGE as in section 4.4.3 

and any hits were scaled-up as in section 4.6.  A summary of the results is shown in Table 

4.4.  
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Figure 4.13.  Example of small scale expression for truncations #6 and #31 from 

pOPINF and pHAR1119 in E. coli C41 cells. 

 

(A)  SDS-PAGE gel of soluble fractions; Mk = low range SigmaMarker (Sigma).   

 

(B)  Western blot of soluble fractions; Mk
His

 = His-tagged BenchMark Protein Ladder 

(Invitrogen).   

 

(C) SDS-PAGE gel of pHAR1119 fractions from denaturing purification of insoluble pellet.  

 

Arrows indicate the positions of truncations #6 and #31 expressed at the correct molecular 

mass. For pOPINF, truncations #6 and #31 have a molecular mass of 29.7 kDa, and 34.5 kDa 

respectively; for pHAR1119, truncations #6 and #31 have a molecular mass of 32.5 kDa and 

37.3 kDa respectively. 
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Table 4.4. A summary of small and large scale E. coli cell line expression results.  
 

Blue box indicates the most significant results.  Protein expression is scored as follows: + = 

weak protein expression; ++ = good protein expression; +++ = significant protein expression; 

* = confirmed by Western blot; – = no expression; n/a = experiment not carried out.  

 

 

 

Gene 

trunc. 
Vector  

E. coli 

strain  

Small scale 

expression  

(4 mL prep) 

Large scale  

expression  

(0.5 L prep) 

soluble insoluble soluble insoluble 

6 

pHAR1119  B834 +* + *  + 

pHAR1119  C41 +* ++ +* +  

pOPINF  B834 – – n/a n/a 

pOPINF  C41 – – n/a n/a 

pOPINF BL21 RIL – – n/a n/a 

31 

pHAR1119  B834 – – – – 

pHAR1119  C41 * +++ – + 

pOPINF  B834 – – n/a n/a 

pOPINF  C41 – – n/a n/a 

pOPINF BL21 RIL – – n/a n/a 
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No soluble or insoluble expression was seen for truncations #6 or #31 in E. coli BL21 RIL 

(DE3) cells suggesting that the cell line was not the reason for the change in expression levels 

and implies that expression from pOPINF is much less favourable than from pHAR1119.  In 

fact, soluble expression was only seen for pHAR1119 constructs in all cell lines tested.  

These data suggest that biotinylation on the BAP tag (provided by the pHAR1119 vector) had 

a positive effect on the solubility and indeed expressability of constructs.   

 

The best hit as large scale was #6 (pHAR1119) expressed in E. coli C41 (DE3) cells.  Large 

scale purification of this condition is shown in Fig. 4.14.  Four protein peaks are seen from 

the gel filtration elution profile, however evidence for protein #6 is present in all fractions of 

the resulting SDS-PAGE gel (Fig. 4.14, B).  A Western blot of the eluted fractions (Fig. 4.14, 

C) revealed that His6-tagged protein eluted in the first few fractions coming off the gel 

filtration column suggesting that the protein was in an aggregated or unfolded state. 

 

 

 

 

 

 

 

 
 

Figure 4.14 (overleaf).  Example large scale Nickel affinity purification followed by gel 

filtration for truncation #6 (pHAR1119) expressed in C41 (DE3) cells.  

 

(A) Elution profile (A280) of proteins from gel filtration column.  

 

(B) SDS-PAGE gel of eluted fractions (numbered) from gel filtration column; Mk
L
 = low 

range SigmaMarker (Sigma).  

 

(C) Western blot of eluted fractions, Mk
His

 = His-tagged BenchMark Protein Ladder 

(Invitrogen).  

 

An arrow indicates the position of truncation #6 (molecular mass is 32.5 kDa when expressed 

from pHAR1119), it runs slightly lower on the SDS-PAGE gel as seen in Fig. 4.13.  



Chapter 4 

SARS non-structural protein 12 

 

215 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

B 

C 



Chapter 4 

SARS non-structural protein 12 

 

216 

 

4.6.2.3. Fusion protein rescue strategy 

The three best soluble hits from small scale expression (#6, #16 and #31) and the synthetic 

construct (residues 433-841) were re-cloned as protein fusions with SUMO (Small ubiquitin-

like modifier) or with GST (Glutathione-S-transferase with a 3C protease cleavage site) in 

vectors pOPINS and pOPINJ respectively that provide the chosen fusion tag (see Appendix 

section A1.1 and Table A1.1.); the re-cloning was carried out following published protocols 

(Berrow et al., 2007) and the In-Fusion ligation system described in section 4.6.2.1.  Fusion 

proteins were expression-tested at large scale as in section 4.6.  SUMO and GST tags could 

be cleaved using His6-tagged SUMO protease or His6-tagged 3C protease respectively.  

Table 4.5 summarises the experimental results for the fusion protein constructs. 

 

Unfortunately, soluble expression of fusion protein was not seen for any of the chosen 13 

constructs re-cloned into pOPINS and pOPINJ.  In fact only four fusion proteins showed any 

signs of expression, ending up in inclusion bodies as identified by denaturing purifications of 

the insoluble pellets following the protocol described in section 4.6 (see Fig. 4.15).  Insoluble 

expression is seen for both SUMO- and GST-tagged synthetic construct containing ‗hot spot‘ 

starting sequences (see Fig. 4.6) suggesting that these boundaries are more favourably 

expressed as expected. 
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Table 4.5.  Large scale fusion protein results.   
 

Molecular masses (kDa) for the resulting fusion proteins (gene truncation plus fusion tag) are 

listed in the table alongside the large scale expression results for each fusion graded as 

follows: ++ = good protein expression; +++ = significant protein expression; – = no 

expression.  N-His-GST indicates gene fusions containing an N-terminal His6-tag followed 

by glutathiose-S-transferase protein.  N-His-SUMO indicates fusions containing an N-

terminal His6-tag followed by small ubiquitin-like modifier protein.  Molecular masses in 

bold reflect fusions that could be expressed (insolubly) in E. coli Rosetta pLyS pRARE cells, 

see Fig. 4.15. 

 

 

 

 Gene 

trunc. 
Vector  Tag 

Molecular 

mass 

(kDa) 

E. coli strain  

Large scale 

expression  

(0.5 L prep) 

soluble insoluble 

6 pOPINJ  N-His-GST 58.7 Rosetta pLysS pRARE –  – 

  pOPINS  N-His-SUMO 42.7 Rosetta pLysS pRARE –  – 

16 pOPINJ  N-His-GST 56.6 Rosetta pLysS pRARE – – 

  pOPINS  N-His-SUMO 40.6 Rosetta pLysS pRARE – +++ 

31 pOPINJ  N-His-GST 63.5 Rosetta pLysS pRARE – – 

  pOPINS  N-His-SUMO 47.5 Rosetta pLysS pRARE – +++ 

Syn pOPINJ  N-His-GST 75.4 Rosetta pLysS pRARE – ++ 

 pOPINS  N-His-SUMO 59.4 Rosetta pLysS pRARE – ++ 
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Figure 4.15.  SDS-PAGE gel from denaturing purification of insoluble pellets.   
 

Insoluble (solubilised) fusions were analysed by SDS-PAGE to assess whether lack of fusion 

proteins in soluble fractions was a result of protein aggregation in inclusion bodies upon 

expression in E. coli.  Arrows indicate the positions of fusion proteins expressed with the 

correct molecular mass (see Table 4.5).  Mk
L
 and Mk

H
 are high and low range SigmaMarkers 

(Sigma) respectively (masses are listed in kDa). 
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4.6.2.4. Refolding strategy 

Many of the gene truncations could be expressed in E. coli but ended up in inclusion bodies 

rather than as correctly folded soluble protein domains.  As a final attempt to obtain soluble 

protein, refolding from inclusion bodies was carried out for truncations #6, #25, #31 and #95 

expressed from pHAR1119 in E. coli BL21 (DE3) RIL cells that yielded the most significant 

insoluble expression at large scale (see Table 4.3.).   

 

Firstly, gene truncations #6, #25, #31 and #95 were expressed at large scale as described in 

section 4.6 but using 2 L of culture (rather than 0.5 L) in order to obtain a larger cell pellet.  

The pellet was resuspended in 1x PBS and lysed using a Basic-Z cell disruptor (Constant 

systems) as described in section 4.6.  Crude inclusion bodies were then pelleted at 12,000 x g 

for 30 min and the supernatant discarded.  The pellet was resuspended in 30 mL Triton wash 

buffer (0.5% Triton X100, 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% sodium azide) 

using a homogeniser to fully grind the pellet, and centrifuged again (25,000 x g for 10 min) to 

pellet the inclusion bodies.  The Triton wash/centrifugation step was then repeated four times.  

After this the pellet was resuspended for a final time but in 50 mM Tris-HCl, pH 8.0, 100 

mM NaCl to remove Triton and then pelleted at 25,000 x g for 10 min.  The purified 

inclusion bodies were dissolved in guanidium hydrochloride (GnHCl) buffer (6 M GnHCl, 50 

mM Tris-HCl, pH 8.5, 10 0 mM NaCl, 10 mM EDTA and 10 mM DTT) for 1 h at 4
o
C before 

centrifuging at 25,000 x g for 20 min.  The protein concentration of the supernatant 

(denatured proteins) was then assessed using a NanoDrop ND-1000 Spectrophotometer 

(Thermo Scientific) and a sample was analysed by SDS-PAGE by diluting 25-fold in SDS 

loading buffer (2X stock, 100 mM Tris pH 6.4, 4% w/v SDS, 0.2 % w/v Bromophenol blue, 

20 % v/v glycerol) and following the procedure outlined in Chapter 2, section 2.1.4.  

Supernatant was then stored in ~100 mg aliquots at -20
o
C. 
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Refolding was carried out by rapid dilution.  A single 100 mg aliquot of denatured protein 

was defrosted and added drop-wise into 1 L of refold buffer (200 mM Tris-HCl, pH 8.0, 200 

mM NaCl, 10 mM EDTA, 1 M L-arginine, 0.1 mM PMSF, 2 mM reduced glutathione, 0.2 

mM oxidised glutathione) to a final concentration of 0.1 mg/mL in a 5 L flask at 4
o
C using a 

magnetic stirrer to fully mix the solution.  The refold solution was then left for 48 h at 4
o
C 

with stirring before being concentrated to a volume of 10 mL at 15,000 x g in large protein 

concentrators (Nalgene, MWCO 10 kDa); during concentration the sample was also part 

buffer-exchanged by diluting with 200 mM Tris-HCl, pH 8.0, 200 mM NaCl.  A sample was 

taken for SDS-PAGE prior to loading onto a 16/60 HiLoad Superdex 75 or 200 gel filtration 

column pre-equilibrated with 200 mM Tris-HCl, pH 8.0, 200 mM NaCl on an ÄKTAxpress 

(GE healthcare) for complete buffer-exchange and purification.   

 

SDS-PAGE gels showing the refold results for truncations #6, #25, #31 and #95 are shown in 

Fig. 4.16.  A small amount of successfully refolded protein was seen for truncation #95, see 

elution profile and resulting SDS-PAGE gel in Fig. 4.17.  The elution profile revealed that a 

significant amount of refolded #95 was in fact soluble aggregate eluting early off the column, 

however there was also a single homogenous peak of soluble #95 eluting at volume 

suggestive of #95 monomers.  To check this, the gel phase distribution coefficient (Kav) was 

calculated and checked against the calibration curve for the HiLoad Superdex 200 column 

(Fig. 4.18, a plot of Kav versus log molecular masses for various protein standards, GE 

Healthcare Calibration Kit).  Kav was calculated using the equation below and the following 

parameters: elution volume (Ve = 84 mL), void volume (Vo = 45 mL for blue dextran that 

cannot enter the pores of the column) and total bed volume (Vt = 120 mL): 

Kav        =          Ve – Vo         =             (84 mL – 45 mL)   = 0.50 

            Vt – Vo          (120 mL – 45 mL) 
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Figure 4.16. SDS-PAGE gels of denatured and refolded truncations.   
 

(A) Samples #31, #25 and #6. (B) Sample #95.  The molecular masses for #6, #25, #31 and 

#95 expressed from pHAR1119 are 32.5 kDa, 34.1 kDa, 37.3 kDa and 44.0 kDa, 

respectively. Arrows indicate the positions of protein bands at the correct molecular mass (#6 

run lower as observed previously); D = denatured (solubilised) protein in GnHCl buffer pre-

refold (stored in 100 mg aliquots); R = refolded protein concentrated to a volume of 10 mL 

(prior to loading onto gel filtration column); – = empty lane; Mk
L
 is low range SigmaMarker 

(Sigma) with molecular masses (kDa) for the protein ladder listed on the right of each gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 (Overleaf).  Elution profile and SDS-PAGE of eluted fractions for refolded 

#95. (A) Elution profile (A280) of proteins from gel filtration column with fractions numbered 

and indicated in red. Arrows indicate the position of soluble aggregate (elution volume, Ve = 

50 mL) and single monomers of truncation #95 (Ve = 84 mL). (B) SDS-PAGE gel of eluted 

fractions A9, A11 and B12 spanning the soluble aggregate peak, and C3-C6 spanning the 

monomer peak (fractions are numbered in accordance with A); Mk
L
 = low range 

SigmaMarker (Sigma).  

A 

B 
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The Kav for the peak eluting at 84 mL was 0.50 which is equivalent to a molecular mass of 

approximately 50 kDa from the calibration curve (Fig. 4.18).  The calculated molecular mass 

of truncation #95 is 44 kDa indicating that these fractions likely contained successfully 

refolded monomers of #95.  In order to confirm this observation, a 15L protein sample (20 

M) was taken for liquid chromatography-electrospray ionisation-mass spectrometry (LC-

ESI-MS); this experiment was carried out by Dr Joanne Nettleship using the quality 

assurance service provided by the OPPF (Nettleship et al., 2008).   The resulting mass 

spectrum showed a single peak at 44,054 Da (Fig. 4.19) confirming the presence of 

truncation #95 in the eluted fractions. 

 

The refold efficiency was approximately 5% (5 mg successfully refolded soluble truncation 

#95 out of 100 mg denatured protein) which was quite poor. Unfortunately, refolding 

truncation #95 was not readily reproducible using this protocol and in some cases did not 

yield any refolded protein (not even soluble aggregate).  In addition, truncation #95 began to 

precipitate out of the gel filtration buffer (200 mM Tris-HCl, pH 8.0, 200 mM NaCl) after 

storing for 48 h at 4
o
C, suggesting it was not stably soluble and easily aggregated.  In an 

attempt to increase the amount of refolded #95 the following changes were made: 

 

(i) redox pair changed to 6.5 mM cysteamine and 3.7 mM cystamine; 

 

(ii) refolding at lower protein concentration (0.05 mg/mL protein in refold solution; 

 

(iii) changing the ionic strength (100 mM NaCl – 500 mM NaCl, and no salt). 
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None of these changes improved the yield or reproducibility of refolded #95 and 

unfortunately insufficient protein was obtained for crystallisation trials.  These results 

however do provide direct evidence that truncation #95 (
433

SSVEL-QGLVA
777

), covering 

most of the putative RdRp domain (Fig. 4.6. and Fig. 4.11.) and containing hot spot sequence 

433
SSVEL (Fig. 4.6 and section 4.5.2.), can be successfully refolded from inclusion bodies in 

E. coli albeit at a low yield.  
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Figure 4.18. Calibration curve (Kav versus log molecular masses).  

 

A calibration kit (GE Healthcare) was used to generate an elution profile for 7 protein 

standards on the HiLoad 16/60 Superdex 200 gel filtration column. The elution volumes (Ve) 

were used to calculate the gel phase distribution coefficient (Kav, following the equation 

described in section 4.6.2.4) for the 7 protein standards of known molecular mass. Kav was 

then plotted against the logarithm of molecular masses and a calibration line drawn. (A) 

Elution profile and Kav vs. log molecular mass plot; figure adapted from calibration kit. (B) 

Table listing protein standards used from the calibration kit and their molecular masses 

(kDa); acronyms used in (A) to identify the different protein peaks are shown in brackets in 

the table.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Protein standards Molecular 

mass (kDa) 

Aprotinin (Apr) 6.5 

RNase A (R) 13.7 

Carbonic anhydrase (CA) 29.0 

Ovalbumin (O) 43.0 

Conalbumin (C) 75.0 

Aldolase (Ald) 158.0 

Ferritin (F) 440.0 

A 

B 
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Figure 4.19.  Mass Spectrum (LS-ESI-MS) of truncation #95. 
 

The mass spectrum indicates a clear m/z peak for truncation #95 at 44,054 Da. This is 

consistent with the calculated mass of 44,000 Da (44 kDa) using the ExPASy ProtParam tool 

(Gasteiger et al., 2003) with the #95 protein sequence including His6-TEV and BAP tags 

provided by the pHAR1119 vector .  
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4.7. SARS NSP-12 – Analysis of Results 

Sequencing of the gene truncations produced by ESPRIT showed a pattern of strong 

clustering across the length of the NSP-12 gene particularly in the C-terminal two thirds of 

the gene containing the putative RdRp region.  Unfortunately, gene truncations in the largest 

clusters did not show signs of soluble expression in E. coli.  In fact at small scale, clustered 

truncations consistently show up as a protein band of approximately 6.5 kDa, identified from 

the denaturing purification of insoluble pellets (Fig. 4.9.), suggesting that they had been 

degraded by bacterial proteases.  Overall, the small scale expression results from the 95 

truncations expressed from pHAR1119 vector were somewhat disappointing with few soluble 

hits identified that could be over-expressed and purified from E. coli.  However, a closer look 

at truncations that did show signs of expression in E. coli identified 10 truncations (#6, #10, 

#16, #21, #27, #47, #68, #78, #86 and #88) that contained putative RdRp motif start or end 

sequences (see Fig. 4.10. and Fig. 4.6.); this suggested that the ESPRIT experiment had 

successfully ‗trapped‘ expressable domains with defined boundaries that are equivalent to 

sequence conserved regions essential for RdRp activity.  Five of these truncations (#6, #16, 

#21, #86 and #88) showed significant soluble expression at small scale supported by Western 

blots, whereas others ended up in inclusion bodies at the correct molecular mass (Table 4.1).   

 

Twelve truncations in total were chosen for large scale expression screening, including top 

soluble hits with NSP-12 RdRp domain boundaries and clustered truncations containing ‗hot 

spot‘ sequences (Fig. 4.6) that only showed insoluble expression.  At large scale, gene 

truncations #6 and #95 gave the most promising results.  Truncation #6 showed evidence for 

soluble expression when produced in E. coli C41 (DE3) cells (for which ~1mg of protein was 

obtained after purification) and truncation #95 could be over-expressed in the inclusion 
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bodies of E. coli BL21 (DE3) RIL cells and then successfully refolded by rapid dilution (for 

which ~5mg of protein was obtained after gel filtration).  In both instances a significant 

amount of soluble aggregate was present (eluting in or near the void volume of the gel 

filtration column).  For truncation #95 however, these soluble aggregates were separated from 

the population of #95 monomers during the gel filtration run.  Unfortunately, refolding of 

truncation #95 was not always reproducible and the protein had a tendency to precipitate after 

purification.  Thus, insufficient yield was obtained for crystallisation.   

 

The main limiting factor of this work is protein insolubility.  Many gene truncations are 

expressable in E. coli, but end up in inclusion bodies at both small and large scale.  In fact the 

insoluble expression levels of different gene truncations vary quite drastically, even for 

closely related truncations.  This suggests that the choice of domain boundaries is critical for 

NSP-12 expression and implies that it is not readily suitable for structure determination by 

standard methods.  However, it is important to consider the limitations of the experiment.  

SARS NSP-12 is a 2796 bp gene and in sub-library 2 we selected for gene truncations from 

1000 – 2796 nucleotides, a window of 1796.  There could therefore be 1,612,808 possible 

DNA molecules produced [2796 bp gene – [(upper 2796 cut-off + lower 1000 cut-off)/2] x 

1796 nucleotide window].  Considering that only 1 in 9 clones will be in-frame with both 

His6- and BAP-tags, there will only be 179,200 possible complete open reading frames 

(ORFs).  Assuming all 27,648 colonies (72 x 384-well plates) picked and gridded in the 

experiment represent good clones (i.e. 100% contain a correct gene truncation insert, as 

observed for the 24 colonies PCR-screened and sequenced for sub-library 2), only 1 in 9 of 

these will be in-frame with both tags; thus, only 3,072 complete ORFs are sampled.  The total 

diversity screened in the experiment is therefore 3,072 complete ORFs out of the 179,200 
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ORFs produced, which is 1.7%.  98.3% of gene truncations in complete ORFs that could give 

rise to isolated domains that express solubly in E. coli, are not sampled in the experiment.   

 

For NSP-12, the assumption that the BAP tag is only accessible for biotinylation by BirA if 

the protein is soluble, is not fully supported by the expression screens detailed herein. The 

low number of soluble hits at small scale likely reflects the poor readout of the ESPRIT 

biotinylation method for the solubility of the NSP-12 truncations expressed in E. coli.  

However, success using this ESPRIT method has been reported in the literature [e.g. crystal 

structure of the C-terminal domain of influenza virus polymerase PB2 subunit (Tarendeau et 

al., 2007)] which suggests that the reporter system is sensitive to the protein target of interest.  

More surprisingly, the data herein suggest that the BAP tag provided by the pHAR1119 

vector is required for soluble expression.  Loss of expression is almost always seen after re-

cloning into vectors lacking the BAP tag (e.g. pOPINF), suggesting that it can act as a 

solubility enhancer. 

 

In summary, using the ESPRIT method it has been possible to identify for the first time in a 

systematic fashion, conditions under which the SARS polymerase NSP-12 protein can be 

solubly expressed at small scale in E. coli.  Large-scale expression is currently problematic, 

and further work will be necessary to define experimental conditions under which the protein 

can be produced and (hopefully) crystallised. Nonetheless, this work may serve as a key first 

step in structurally characterising the NSP-12 polymerase protein (a key drug target of the 

coronavirus family), especially in terms of domain boundaries. 

 

 



Chapter5 

Conclusions and Future Research 

 

230 

 

Chapter 5 

Conclusions and Future Research 

5.1. 6-RdRp – Conclusions 

The structural and biochemical studies on 6 RdRp described in this thesis build on our 

current understanding of 6 RdRp-catalysed RNA polymerisation. We are fortunate that the 

P21 crystal form of 6 RdRp has allowed us to capture different complexes of the polymerase 

within the same asymmetric unit; this is due to differences in the crystal contacts of the three 

copies of 6 RdRp, varying the degree of flexibility for ligand binding and accommodating 

structural changes upon in crystallo polymerisation. The different complexes described 

herein shine some light on the molecular details of template and NTP entry during 

preinitiation, transition from initiation to elongation with displacement of the CTD, and the 

role of the non-catalytic Mn
2+

 during these different stages.  A summary model is provided in 

Fig. 3.23.  

 

Thermal denaturation experiments (described in section 3.1) demonstrated that both WT and 

E634Q mutant RdRps have an enhanced molecular flexibility when Mn
2+

 is bound at the non-

catalytic ion site and an increased structural stability when out-competed by Mg
2+ 

at a 

concentration of 10 mM.  This observation suggested a possible link between the structural 

destabilisation required for elongation (i.e. displacement of the CTD and shifting down of the 

template) and bound Mn
2+

 at the non-catalytic ion site.   
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A number of attempts were then made to capture a complex of 6 RdRp with an elongated 

dsRNA product (third nucleotide added to daughter template strand) bound at the active site 

and CTD displaced to its new position. However, when the elongation reaction was run in 

crystallo the crystals were observed to very quickly crack and disintegrate, preventing the 

collection of useful data; this was likely due to molecular movements of the CTD upon 

elongation. In an attempt to reduce the amount of crystal handling and speed up the mounting 

of crystals for data collection, 20% (v/v) glycerol cryoprotectant was added to the crystal 

drop as part of the soak solution containing polymerase substrates, rather than transferring the 

crystal to a separate cryoprotectant drop before mounting. This approach allowed direct 

mounting from the crystal drop after initiating in crystallo polymerisation by soaking in 

substrates. Although we did not obtain an elongation complex using this method, the 

resulting E634Q-hairpin-AMPPCP-Mg
2+

 complexes have captured the following molecular 

movements within the polymerase which have not been observed previously: opening of 

double-stranded hairpin oligonucleotide template; shifting down of template during the 

transition to elongation with concomitant displacement of the CTD; and transient weakening 

of the high-affinity non-catalytic ion site during transition resulting in the release of bound 

‗destabilising‘ Mn
2+

.   

 

In addition to providing direct evidence for CTD displacement and template exit, the electron 

density maps for the different E634Q-hairpin-AMPPCP-Mg
2+

 complexes also demonstrated 

that incoming NTPs can bring Mg
2+

 ions with them to the active site for use in catalysis.  

These structures allowed us to identify a negatively charged Mg
2+

 stabilising pocket that sits 

on the opposite side of the NTP tunnel to the positively charged interrogation site, and is 

formed by D324, D327 and D329, and the backbone carbonyl groups of D324, V325 and 

S326. These structures indicate that Mg
2+

 ions (drawn into the polymerase by NTPs) are 
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stabilised about this pocket during NTP entry before being drawn to their catalytic position 

with the NTP movement to a base pairing position with bound template.  Furthermore, crystal 

structures of WT-Tri4T-ATP-Mg
2+

, WT-5'-AATCT-3'-ATP-GTP-Mg
2+

 and E634Q-5'-

UUCCCC-3'-GTP-Mg
2+

 revealed two NTPs stabilised at the active site in a de novo 

initiation-like position in the absence of any bound template.  In these structures, template 

entry was hindered by the replacement of the non-catalytic ion site Mn
2+

 with Mg
2+

 (by 

soaking with 10 mM MgCl2).  These structures showed how Mg
2+

 can adopt a number of 

geometries about the non-catalytic ion site (‗downward‘, ‗centred‘ or ‗upward‘) during pre-

initiation so as to stabilise the negative charge of the bound NTPs in the absence of bound 

template. 

 

Opening of the double-stranded hairpin template was evident from the WT-Tri4T-Mg
2+

 

structure which demonstrated how interactions with the molecular surface of the RdRp can 

facilitate denaturation of oligonucleotide secondary structures before the template enters into 

the active site. In addition, crystal structures of WT-5'-AATCT-3'-GTP-Mg
2+

 and WT-5'-

AATCT-3'-ATP-GTP-Mg
2+

 revealed a positively charged groove on the outer surface of 6 

RdRp (including key residues R30 and K541) that directs the incoming oligonucleotide 

template into the polymerase and towards the active site. These data are in close agreement 

with previous mutagenesis data on R30 and K541 in template binding (Sarin et al., 2009). 

 

Finally, considering that our data reveal that Mg
2+

 can replace the non-catalytic Mn
2+ 

in 6 

RdRp when crystals are soaked with 10 mM MgCl2, we carried out an analysis on the 

crystallization conditions of other published viral RdRp structures. This analysis revealed that 

high concentrations of different Mg
2+

 salts (up to 300 mM) were present during 

crystallization of many of these viral RdRps, questioning the authenticity of the Mg
2+

 ion at 
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the equivalent non-catalytic ion site in these previously published structures (Table 3.2).  Our 

research reveals that Mn
2+

 bound at this site in 6 RdRp plays an important role in template 

binding and controlling the switch to elongation.  In addition we demonstrate that although 

Mg
2+

 can occupy this site, it cannot functionally replace the natural ion (Mn
2+

).  It is likely 

that the function of the non-catalytic ion site in controlling the switch from initiation to 

elongation is broadly conserved in viral RdRps. 

 

5.2.  6-RdRp – Future Research 

One remaining question for the 6-catalysed polymerisation reaction is whether initiation of 

replication follows the same mechanism of initiation reported for transcription (Butcher et al., 

2001). This experiment was carried out within the scope of this research using a DNA 

oligonucleotide mimic of (+)-sense ssRNA (see for example structures WT-5'-AATCT-3'-

GTP-Mg
2+

 and WT-5'-AATCT-3'-ATP-GTP-Mg
2+

), however the divalent cation conditions 

did not permit template entry into the active site.  Instead these structures provided detailed 

information about the direction of template entry on the surface of the polymerase and key 

residues that are involved in template binding and threading down of template into the active 

site.  In order to characterise the initiation of replication, a future experiment should aim to 

run the initiation reaction in crystallo with the 3'-end of (+)-sense genomic RNA (e.g. 

5'...UCU-3') and WT 6 RdRp under the same conditions used to capture the initiation of the 

transcription complex (Butcher et al., 2001). 

 

In addition to its polymerase activity, 6 RdRp has also been shown to have terminal 

nucleotidyl transferase (TNTase) activity, catalysing the addition of nucleotides to the 3'-end 

of either ssRNA or dsRNA (preferred by 6 RdRp).  RNA polymerases of ssRNA viruses, 
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such as HCV, BVDV, GB virus-B, NV, SV and PV also possess TNTase activity on ssRNA 

substrates (Fullerton et al., 2007; Neufeld et al., 1994; Ranjith-Kumar et al., 2001; Ranjith-

Kumar et al., 2003; Rohayem et al., 2006; Zhong et al., 1998).  It has been suggested that this 

activity is designed to repair the 3'-ends of viral genomes that may have been subjected to 

degradation by cellular exonucleases (Ranjith-Kumar et al., 2001) although a precise 

biological function in these viruses remains elusive.  

 

In 6 RdRp a model for TNTase activity, exploiting the two metal ion catalysis mechanism 

used for polymerisation, was suggested based on biochemical observations (Poranen et al., 

2008a).  In contrast to the template-dependent polymerase activity, which requires opening of 

the dsRNA template and feeding of ssRNA into the template tunnel, the TNTase reaction 

apparently depends on opening of the compact apoenzyme structure at the CTD (similar to 

the displacement observed during elongation) allowing direct access of the dsRNA to the 

active site.  The ability to accept and replicate artificial circular templates also indicates that 

the 6 RdRp apoenzyme may adopt different conformations which allow the polymerase to 

enclose circular templates (Ranjith-Kumar and Kao, 2006).   

 

Structural flexibility seems to be an intrinsic property of 6 RdRp and Mn
2+

 bound at the 

non-catalytic ion site in the purified polymerase is likely to play a key role in increasing 

structural fluidity required for CTD repositioning; see thermal denaturation experiments 

(section 3.1).  In line with this, Poranen et al., (2008a) reported that the TNTase activity of 

the E491Q mutant polymerase was less than 10% of WT 6 RdRp, which reflects the reduced 

affinity of the E491Q mutant for Mn
2+

 at the non-catalytic ion site (resulting increased 

structurally rigidity) and absence of Mn
2+

 bound in the purified E491Q apoenzyme despite its 

presence in the crystallization buffer (Poranen et al., 2008a).  Future structural work should 
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attempt to validate the current model for terminal nucleotidyl addition (Poranen et al., 2008a) 

and identify whether Mn
2+

 bound at the non-catalytic ion site is required for activity.   

 

Structural and biochemical studies on 6 RdRp described herein provide a detailed 

understanding of the molecular details of de novo polymerisation (from preinitiation through 

to elongation), and serve as a paradigm for other structurally related polymerases, such as 

HCV and BVDV polymerases. For polymerases that initiate de novo RNA synthesis, 

understanding the molecular movements of the CTD and effect of different divalent cations 

throughout the polymerisation cycle is still an active area of research.  It is likely that future 

research into the role of the CTD in initiation of replication and TNTase activity will also 

provide further molecular insight that is applicable to other viral RdRps. 

 

5.3.  SARS-CoV NSP-12 – Conclusions 

DNA fragmentation-based combinatorial approaches to soluble protein expression are 

increasingly being used for challenging proteins (such as SARS-CoV NSP-12) that are not 

readily expressable using conventional methods.  One such approach, known as ESPRIT 

(Expression of Soluble Protein by Random Incremental Truncation), was used in this 

research to identify (or trap) protein truncations of SARS-CoV NSP-12 that could be 

expressed solubly in E. coli and therefore be suitable for crystallisation and structure 

determination by X-ray crystallography.   

 

The top 95 hits identified by the ESPRIT method were sequenced and expressed at small-

scale using high-throughput protein expression protocols at the Oxford Protein Production 

Facility (Berrow et al., 2007; Berrow et al., 2006).  The small scale expression results from 
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the 95 truncations expressed from the pHAR1119 vector (which adds a biotin acceptor 

peptide to the expressed proteins) were somewhat disappointing with fewer than expected 

soluble hits identified.  In an attempt to yield more small scale soluble hits from the ESPRIT 

top 95, a number of changes were made to the small scale expression protocol (for example, 

changes in expression temperature and IPTG concentration); this did not increase the number 

of soluble hits identified. 

 

Aligning the top 95 hits from the ESPRIT experiment along the length of NSP-12 revealed 

six main clusters (1-6) of gene truncations in particular ‗hot spot‘ regions.  Disappointingly 

very few of the gene truncations starting and ending at the same point (forming clusters along 

the length of NSP-12), gave rise to significant soluble protein expression. A closer look at the 

truncations that did show signs of expression in E. coli identified 10 truncations (#6, #10, 

#16, #21, #27, #47, #68, #78, #86 and #88) that contained putative RdRp motif start or end 

sequences, suggesting that the ESPRIT experiment had successfully ‗trapped‘ expressable 

domains with defined boundaries that are equivalent to sequence conserved regions essential 

for RdRp activity.  Five of these truncations (#6, #16, #21, #86 and #88) showed significant 

soluble expression at small scale supported by Western blots; the others hits were over-

expressed but ended up in inclusion bodies.  Truncations #16 and #21 were grouped in hot-

spot cluster 5 (truncations ending with 
678

GGTSS; see section 4.5.2).  Interestingly, 

678
GGTSS is the precise starting sequence of putative NSP-12 RdRp motif B, providing a 

further level of confidence that the ESPRIT method can identify specific domain boundaries. 

 

Large-scale protein production was carried out for 12 of the protein truncations identified at 

small scale following the high-throughput protocols of the Oxford Protein Production Facility 

(Berrow et al., 2007; Berrow et al., 2006).  The results were somewhat disappointing with 



Chapter5 

Conclusions and Future Research 

 

237 

 

only gene truncation #6 (
696

ICQAV-HTVLQ
932

) showing very weak soluble expression and 

most ending up in inclusion bodies.  In order to improve soluble expression of the twelve 

truncations at large scale, a number of rescue strategies were attempted including: expression 

of truncations in different E. coli strains, and re-cloning of gene truncations into different 

pOPIN expression vectors to remove the biotin acceptor peptide (BAP) tag and replace it 

with either a His6-, SUMO- or GST-tag; it is worth noting that RdRp-GST fusions have been 

reported previously for example with NV and RHDV polymerases, (Ng et al., 2004; Vazquez 

et al., 1998).  In addition, a synthetic truncation (
433

SSVEL–ILGAG
841

), covering the entire 

putative RdRp region and containing hot-spot cluster 4 and cluster 6 sequences (see section 

4.5.2) was designed and expression-tested at large scale.  These approaches had limited 

success in producing soluble protein at large scale.  As a final experiment, refolding of over-

expressed truncations #6, #25, #31 and #95 from inclusion bodies was attempted.  Truncation 

#95 (
433

SSVEL-QGLVA
777

), covering most of the putative RdRp region and containing hot-

spot cluster 4 starting sequence 
433

SSVEL (see section 4.5.2), was the only truncation that 

showed signs of successful refolding, albeit at a low efficiency (5%). Unfortunately refolding 

of #95 was not readily reproducible and sufficient yield was not obtained for crystallization 

experiments. However, this experiment demonstrated for the first time refolding of an NSP-

12 truncation at large scale which should be explored further by future research. 

 

Overall, the ESPRIT method described in this thesis has allowed us to identify for the first 

time in a systematic fashion, conditions under which the SARS polymerase NSP-12 protein 

can be solubly expressed at small scale in E. coli.  Large-scale expression is currently 

problematic, and further work will be necessary to define experimental conditions under 

which the protein can be produced and (hopefully) crystallised.  Nonetheless, this work 
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serves as a key first step in structurally characterising the NSP-12 polymerase protein (a key 

drug target of the coronavirus family), especially in terms of domain boundaries. 

 

5.4.  SARS-CoV NSP-12 – Future Research 

In this research the ESPRIT method was used to identify soluble domains of SARS-CoV 

NSP-12 that could be expressed in E. coli. Soluble fragments of NSP-12 were identified at 

small scale but translating to large scale expression was problematic.  As an extension to this 

work, insect cell (baculovirus) expression or other eukaryotic expression systems should be 

tried using the soluble targets from the small scale E. coli experiments.  A good starting point 

would be with the five protein truncations (#6, #16, #21, #86 and #88) containing the putative 

RdRp motifs that showed significant soluble expression in E. coli at small-scale (but did not 

yield soluble protein at large scale), and protein truncation #95 that showed evidence of 

refolding at large scale. The greater similarity of eukaryotic expression systems (in terms of 

protein folding machinery, cytoplasmic environment and post-translational modifications) to 

the host eukaryotic cells infected by SARS-CoV, are more likely to encourage the ‗trapped‘ 

NSP-12 domains to fold correctly and not aggregate into inclusion bodies when scaled up in 

large scale experiments.   

 

A further project could look at the potential of running a different high-throughput DNA-

fragmentation approach on the SARS-CoV NSP-12 gene that provides a more reliable 

readout for solubility when screening constructs expressed in a colony array. We demonstrate 

in this research that biotinylation of protein truncations can act as a solubility enhancer. This 

has been reported for similar library-based expression and screening approaches that use tags 

such as Green Fluorescent Protein (GFP), (Waldo, 2003).  However, in attempt to counter the 

passenger solubilisation properties of the GFP tag, Waldo and co-workers have further 
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developed their GFP tag methodology for screening a library of constructs.  The new 

methodology is based on a two plasmid split-GFP complementation system (Cabantous et al., 

2005a; Cabantous et al., 2005b; Cabantous and Waldo, 2006) whereby GFP is divided into an 

11-residue fragment used to tag the expressed proteins first, followed by the separate 

induction of the remaining 227-residues of GFP.  Only when the 11-residue tag of the 

expressed target is available to combine with the remainder of the GFP does fluorophore-

maturation take place. This approach would provide an alternative means to carry out high-

throughput assessment of protein expression in either colonies or small-scale liquid culture 

formats, providing of course that the 11-residue fragment of the GFP does not perturb the 

correct folding of the target protein.  It would be interesting to see whether Waldo‘s 

methodology could screen more accurately for fully soluble protein domains of NSP-12 and 

whether identified targets contained similar domain boundaries to those in the ESPRIT 

method that contain RdRp sequence motifs. 

 

An alternative approach would be to co-express full-length SARS-CoV NSP-12 (or one of 

the previously identified soluble domains at small scale from E. coli) with full-length NSP-13 

(HEL1, helicase protein). Yeast-2-hybrid (Y2H) assays and follow-up co-

immunoprecipitation experiments were carried out by von Brunn et al., (2007) in order to 

determine intraviral protein-protein interactions for SARS-CoV.  The Y2H bait/prey assay 

indicated that NSP-12 interacts in both directions with NSP-13 (HEL1), NSP-8 (primer 

synthesis and processivity factor in combination with NSP-7) and ORF-9b (accessory protein 

involved in virion assembly); these results were supported by co-immunoprecipitation 

experiments (von Brunn et al., 2007).  Structures of the NSP-7/NSP-8 complex and ORF-9b 

are already available (Meier et al., 2006; Zhai et al., 2005), however, like with NSP-12, 

expression and crystallization of the HEL1 protein has been hindered by poor solubility and 
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low yield.  One hypothesis would be that soluble expression of NSP-12 requires assistance 

and/or binding of co-expressed HEL1 to form a complex that masks hydrophobic surface-

exposed protrusions on both NSP-12 and HEL1.  To test this hypothesis, the proteins should 

be co-expressed in either E. coli or a eukaryotic system.  To purify the potential complex by 

affinity chromatography, a His6-tag could be added to NSP-12 and a Steptavidin tag (Strep-

tag) to HEL1.  Purification could be carried out first by Ni
2+

-affinity chromatography to 

purify proteins containing a His6-tag and then passed through a Strep-Tactin affinity column 

to purify Strep-tagged proteins; this will allow purification of the individual proteins (NSP-12 

and HEL1 separately) if the complex has not formed. If no soluble expression is observed a 

denaturing purification on the insoluble pellet should be performed in order to assess whether 

the complex or individual proteins were successfully expressed at all. 

 

Finally, our refolding experiments demonstrate that one of the top 95 ESPRIT hits (truncation 

#95) could be successfully refolded using a rapid dilution protocol.  A similar refold 

approach was used for example to obtain sufficient soluble SARS-CoV ORF7a accessory 

protein for crystallisation and subsequent structure determination (Nelson et al., 2005).  

Future research should explore different refold strategies for truncation #95 and other RdRp 

truncations discussed herein, in order to obtain sufficient protein for crystallization trials and 

hopefully subsequent structure determination.  
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Appendix 

A1.1. pOPIN Vectors 

The Oxford Protein Production Facility (OPPF) has developed a suite of In-fusion vectors to 

allow the expression of proteins with a range of different purification/solubility tags in 

different heterologous hosts (E. coli, insect and mammalian cells).  Specific details regarding 

pOPINF, pOPINJ and pOPINS vectors used in this ESPRIT work are given in Table A1.1. 

 

Vectors pOPINF (addition of N-His6 tag) and pOPINJ (addition of N-His6-GST tag) are 

based on the pTriEx2 vector.  They are T7/lacO driven expression vectors for use with (DE3) 

E. coli strains, but can also exploit their hybrid cytomegalovirus (CMV) enhancer and ß-actin 

promoter to drive mammalian expression, or use the baculoviral p10 promoter and the lef-2 

and 1629 baculo-recombination elements for insect cell expression; an overview of plasmid 

elements for pOPINF are shown in Fig. A1.1. pOPINF and pOPINJ confer 

Ampicillin/Carbenicillin resistance and are considered high copy number plasmids.  

Incubation with human rhinovirus (HRV) 3C protease is required for tag removal.   

 

The pOPINS vector (addition of N-His6-SUMO tag) is based on the pET28a vector. These 

are T7/lacO driven expression vectors and must be used in a (DE3) E. coli strain.  pOPINS 

confers Kanamycin resistance and is considered a low copy number plasmid.  Incubation with 

SUMO protease is required for tag removal. 
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Table A1.1.  Vectors used in ESPRIT experiments. 

 

Vector Fusion Tag Product 
Parent Vector/ 

Antibiotic resistance 

Forward 

Primer 

Extension 

Reverse 

Primer 

Extension 

pOPINF MAHHHHHHS

SGLEVLFQ|GP

…  

N
His

-3C-POI pTriEx2/Ampicillin AAGTTCTGT

TTCAGGGCC

CG       

ATGGTCTA

GAAAGCTT

TA 

pOPINS MGSSHHHHH

H-SUMO|…  

N
His

-SUMO-

3C-POI 

pET28a/Kanamycin GCGAACAG

ATCGGTGGT     

ATGGTCTA

GAAAGCTT

TA 

pOPINJ MAHHHHHHS

SG-GST-

LEVLFQ|GP…  

N
His

-GST-3C-

POI 

pTriEx2/Ampicillin AAGTTCTGT

TTCAGGGCC

CG       

ATGGTCTA

GAAAGCTT

TA 

| is the cleavage site for human rhinovirus 3C protease 

| is the cleavage site for SUMO protease 

Underlined bases mark termination codons 
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Figure A1.1.  Plasmid map of pOPINF.   

 

The pOPIN vectors contain sequences that permit expression in E. coli, insect cells and 

mammalian cells.  In addition they contain a LacZ gene insert encoding β-galactosidase, 

which is flanked by the 3' and 5' In-Fusion sites to allow for blue/white selection when 

bromo-chloro-indolyl-galactopyranoside (X-Gal) and IPTG are present in the LB-Agar media 

alongside the antibiotic.  Any re-ligated vectors (without gene of interest inserted) that are 

transformed into E. coli will express β-galactosidase and convert X-Gal into 5,5'-dibromo-

4,4'-dichloro-indigo, an insoluble blue product making colonies stand out as blue.  
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A1.2. Primer design and In-Fusion 

Gene truncation specific primers were designed from the sequencing results and were 

appended with vector specific extensions as listed in Table A1.1.  For the synthetic construct 

(Syn, 433-841), primers were generated semi-automatically from the codon-optimised SARS 

NSP-12 gene, using the OPPF Opine primer design utility that runs Primer3 (Rozen and 

Skaletsky, 2000) to design an appropriate target-specific primer annealing region to which 

the vector-specific extensions shown in Table A1.1. were added.  The PCR reaction, PCR 

product purification and In-Fusion reaction (Clontech) was then carried out as described in 

section 4.6.2.1.  A schematic of the In-Fusion reaction technology is shown in Fig. A1.2. 
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Figure A1.2.  Single-step cloning using In-Fusion technology (Clontech).  

 

This method uses a proprietary enzyme, which recognises regions of homology between a 

PCR product and the ends of a linearised vector.  The gene of interest is PCR-amplified with 

flanking sequences that are identical to the ends of linearised target vector (15bp or greater).  

Incubation at 42
o
C for 30 min with In-Fusion enzyme generates regions of single-stranded 

DNA at the ends of PCR product and vector, which can anneal. After transformation and 

antibiotic and blue/white selection in E. coli, intact expression vector is obtained.  Figure 

adapted from In-Fusion cloning system manual (Clontech). 
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